Antibiotic-resistant bacteria were isolated from seawater samples collected in the Atlantic Ocean off the southeastern coast of the United States. Large numbers of antibiotic-resistant bacterial strains were found to be present in harbor and inshore waters; however, the percentage of resistant strains was higher for several seawater samples collected offshore than for those collected near shore. Bacteria resistant to tetracycline, chloramphenicol, and streptomycin were found in nearly all samples collected, including samples from 200 miles (about 522 km) offshore and at depths to 8,200 m. Sediment samples, in general, were found to contain smaller populations of resistant strains as compared with the seawater samples examined. Antibiotic-resistant bacteria exhibiting phenetic characteristics common to autochthonous marine bacterial species were examined in detail, and several of the isolates exhibited unstable antibiotic resistance, which was transferable to recipientEscherichia coli cells. Deoxyribonucleic acid preparations from 10 strains examined by ethidium bromide-cesium chloride density sedimentation revealed that 6 of the strains contained covalently closed circular plasmid deoxyribonucleic acid.
Since the initial discovery of transmissible, extrachromosomal deoxyribonucleic acid (DNA), a large variety and wide distribution of plasmids have been reported (13, 16) . Plasmids that spedFfy transferable antibiotic resistance were reported originally to be present in clinically important bacteria found in the hospital environment (23) , with distribution of some types of these plasmids correlated with use of antibiotics (17) . It has been suggested that the resistance plasmids are present in low numbers, i.e., "background levels," with antibiotic treatment serving to encourage selection of resistant bacteria and/or transfer of the plasmids to susceptible populations (7, 15) .
Supporting such a hypothesis was the discovery of the presence of plasmids mediating antibiotic resistance in bacterial populations where there was no prior exposure to antibiotics. For example, Smith reported plasmids specifying penicillinase to be present in revitalized cultures collected and lyophilized before the discovery of penicillin (20) . Antibiotic resistance mediated by plasmids has also been reported in bacteria found in soil samples (9) and comprising the gut flora of primitive people inhabiting areas not exposed to modern medical procedures (7, 9) .
Few studies of the aquatic environment aimed at resistance plasmids in the autochthonous water and sediment flora have been done. Smith examined rivers (21) and bathing beaches (22) in England for such plasmids and concluded that the distribution of antibiotic resistance in the aquatic environment was related to the presence of sewage effluent. Feary et al. found fecal coliforms containing plasmids in coastal areas (8) . In Mobile Bay, the distribution of resistant coliforms was found to be related to fecal pollution occurring in the area. Koditschek and Guyre obtained similar data for samples collected in the New York Bight and demonstrated the presence of resistance plasmids in non-lactose-fermenting bacteria isolated from seawater (11, 12) . Japanese workers also reported antibiotic-resistant bacteria, other than coliforms, and concluded that strains of Vibrio, Aeromonas, and Pseudomonas isolated from mariculture-reared fish contained plasmids (24, 25) . Patt et al. (14) reported that Escherichia coli can transfer antibiotic resistance to marine bacteria, and it is possible that such transfer may account, in part, for antibiotic resistance in marine bacteria. If that is the case, then oceangoing ships using seawater for septic tank flushing while in offshore waters may provide a source of plasmid-mediated antibiotic resistance transferable to marine bacteria. (10 ,ug) ; and gentamicin (10 ,ug) . After incubation for 2 and 7 days on SWYE agar at 25°C, the plates were examined for definite zones of clearing around the disks, which were interpreted as indicating susceptibility to the antibiotic. Susceptibility was also tested by inoculating a drop ofbroth culture onto media prepared with known concentrations of antibiotics.
Taxonomic analysis. Biochemical and morphological tests were done to identify the antibioticresistant strains, and these have been described in detail elsewhere (19) .
Detection of plasmids. After initial isolation, cultures selected for molecular genetic analysis were examined for ability to grow in a labeling medium modified from that described by Citarella and Colwell (3), which was designed to label DNA of Vibrio species. The medium was prepared with a sterile stock solution containing the following: 24 g of NaCl, 0.7 g of KCl, 5.3 g of MgCl2 6H2O, 7 g of MgSO4 7H20, 12.1 g of tris(hydroxymethyl)aminomethane, and 1,000 ml of distilled water, pH 8.0. To 100 ml of the sterile stock solution was added 2.5 ml of a sterile 8% Casamino Acids (Difco) solution, 2.5 ml of sterile 20% glucose solution, and 1.0 ml of 0.1 M KH2PO4 solution. Approximately 2.5 ml of a filter-sterilized (10 mg/ml) solution of deoxyadenosine (Sigma Chemical Co.) and 0.05 ml of a 1-mg/ml solution of filter-sterilized thymine were added to each 100 mg of labeling medium. Immediately before inoculation, all the ingredients were added to the stock solution, and 30-ml portions were dispensed into sterile 250-or The resulting data were examined for two peaks in the counts. Location of the chromosomal peak was determined from the position of added 14C-labeled E. coli DNA.
Mating experiments. Strains used in the mating experiments were screened as follows. Resistant strains found to contain a plasmid peak, when examined by the ethidium bromide-cesium chloride gradient methods, were selected. In general, the same criteria for selecting strains for gradient analysis were used in selecting strains for the mating experiments. The antibiotic-resistant pattern and the relative level of resistance to certain antibiotics demonstrated by potential donor strains were examined. Phenotypic characteristics, such as salt requirement, sugar fermentation, and growth pattern on MacConkey agar were recorded for each donor strain, so that these characteristics might serve as secondary, or nonselected, markers.
Prospective recipient cells for the mating experiments were selected by eliminating those strains demonstrating a plasmid peak in dye-buoyant density gradients. Strains selected for use included cultures most similar in phenotypic characteristics to the donor cells. Streptomycin-resistant mutants of previously susceptible recipient strains were used in the experiments.
A variety of mating procedures were used. Routinely, 0.3 ml of the recipient cell suspension was mixed with 0.1 ml of donor cells in 10 ml of SWYE broth. If the growth rate of the recipient (i.e., E. coli) was much faster than the donor, only 0.1 ml of recipient was used as inoculum. The mating mixture was incubated with or without mild (less than 100 rpm) shaking. Routinely, 35°C was used as the incubation temperature for the entire mating experiment, but, where indicated, matings were attempted at 4, 15, and 25°C. Matings were also performed by a filter-mating technique similar to that described by Cornelis and Colson (6) .
Curing and colicin testing. Antibiotic-resistant strains containing covalently closed circular DNA were tested for colicin production and spontaneous or chemically induced curing (18) . Colicinogenicity was tested by overlaying chloroform-killed colonies of the test strains with soft agar containing E. coli Ec185. Curing was tested by growing strains in SWYE broth or SWYE broth containing a 1-, 5-, 10-, or 15-,ug/ml concentration of either acridine orange (Eastman Organic Chemical Div., Eastman Kodak Co., Rochester, N.Y.) or mitomycin C (Sigma Chemical Co.) and determining loss of antibiotic resistance for those colonies obtained by plating the broth cultures.
RESULTS
Initially, all samples were examined for abundance and distribution of antibiotic resistance. Tables 2 and 3 show the percentages of antibiotic-resistant strains, relative to the total heterotrophic bacterial count, found at the sam-VOL. 12, 1977 on August 26, 2017 by guest http://aac.asm.org/ Downloaded from Table 2 (e.g., station C-2) can be explained by inaccuracies of the enumeration procedure for those samples containing very small populations of bacteria. When collecting subsurface water or sediment samples aboard ship, one must always consider the possibility of sample contamination. To insure that the bacterial strains isolated were truly representative of the autochthonous flora and not ship-borne contaminants, selected samples were examined for the presence of coliforms. In Table 4 are given the data for presumptive coliform counts for two cruises. An effort was also made to collect antibioticresistant coliforms. However, with the exception of samples collected in Miami Harbor, no antibiotic-resistant coliforms were found. The septic tanks of the research vessel were examined as a potential source of contamination. The septic tank water contained large numbers of antibiotic-resistant bacteria and presumptive coliforms, but no chloramphenicol-resistant coliforms were detected (Table 5) .
A total of 288 strains were picked from the antibiotic agar plates inoculated with either After a preliminary taxonomic screening, those strains considered to be representative of the autochthonous, antibiotic-resistant bacterial flora of the marine environment were selected. Preference in selecting strains for further study was given to gram-negative, rodshaped bacteria requiring salt for growth. Strains collected from great depths and far from land were selected to reduce the possibility of sampling artifacts and terrestrial influence. Strains were eliminated from the selected group if they possessed characteristics associated with coliforms or were identical to strains found in the septic tanks of the ship. Those strains selected for further study exhibited stable antibiotic resistance patterns. Unfortunately, many of the strains lost antibiotic resistance after transfer and maintenance in the laboratory. Resistant strains were also selected for further study if they exhibited good growth in the radioactive-labeling medium.
Most of the antibiotic-resistant strains did not meet one or more of the criteria listed above and, therefore, were discarded. Strains selected for further study were examined for presence of covalently closed circular DNA and for mating capability. Eight of a total of 16 strains selected for study appeared to transfer antibiotic resistance to recipient strains. Four salt-requiring isolates collected from the seawater-mixed sewage of the ship's holding tanks were also tested for ability to transfer antibiotic resistance. The four strains, tentatively identified as Vibriolike (see Table 7 ), were able to transfer tetracycline resistance to recipient E. coli cells. Unfortunately, the mating experiments proved difficult to establish reproducibly. The resistant markers were unstable in the recipient strains and could be maintained only if selective antibiotic media were used. Table 6 provides data from a number of matings and several mating combinations. Recipient strains selected because they were phenetically similar to the donor strains did not improve success in the mating experiments. Matings using Vibrio parahaemolyticus strain SAK4 or Alteromonas haloplanktis strain B16 as recipients were also not successful. Strains of E. coli serving as recipients yielded the best results in the mating experiments.
Equilibrium sedimentation of DNA in cesium chloride-ethidium bromide for 10 of the strains indicated that at least 6 possessed a second DNA peak, indicative of the presence of covalently closed circular (i.e., plasmid) DNA (Fig. 1) . All four isolates taken from the ship's septic tanks exhibited gradient profiles indicative of plasmid-containing strains (Fig. 2) . Taxonomic characteristics of the plasmid-containing strains are in Table 7 . The phenotypic characters of strains E122 and E126 suggested that they are most likely members of the genus Aeromonas. Strains E265, E266, E267, and E268 were picked as separate colonies from different plates inoculated with the same water sample. The taxonomic data suggest that these strains are identical and can be identified as a Pseudomonas sp. Furthermore, the four strains exhibited the most consistent plasmid transfers. During one conjugation experiment involving strains E266 and Ec185, chloramphenicol-resistant exconjugate cells were produced that were verified by examination of nonselected characters, i.e., lactose fermentation and lack of salt requirement, and by gradient analysis of the recipient and exconjugate cells (Fig. 3). Chloramphenicol resistance proved to be very unstable in the E. coli cells and could be maintained only by selective growth on antibiotic media.
All marine isolates containing plasmid DNA were tested for curing and for colicin production. None of the test strains exhibited colicin production. Attempts to cure spontaneously or to induce chemical curing were also unsuccessful.
DISCUSSION
The discovery of plasmid-containing, antibiotic-resistant bacteria in polluted and relatively unpolluted areas of Chesapeake Bay (R. K. Sizemore and R. R. Colwell, manuscript in preparation) caused us to investigate the distributional limits of transferable resistance in the marine environment. Since R plasmids have been isolated in primitive terrestrial areas, we hypothesized that they are ubiquitous. Hence, to test this hypothesis we examined water samples collected from the deep ocean, at stations along track lines more than 100 miles (about 161 km) from shore. These samples yielded antibiotic-resistant bacteria. However, samples collected in harbor areas invariably produced the largest numbers of resistant strains, but usually not the highest percentage of-resistant isolates, with respect to the total viable, aerobic, heterotrophic populations. Antibiotic-resistant bacteria were not as common in ocean sediment as in the water column and were found with a high frequency of occurrence only in harbor sediment. These results were unexpected, since sediment was judged to be more likely to contain antibiotic-producing microorganisms, thus creating a niche suitable for antibiotic-resistant strains of bacteria.
Distributional patterns for antibiotic-resistant bacteria in the water column were less obvious. In general, larger numbers of antibiotic-resistant bacteria were found in samples with large total, viable, aerobic, heterotrophic bacterial populations. However, the percentage of antibiotic-resistant microorganisms varied widely. Several of the samples showed a high percentage of strains resistant to each of the antibiotics tested that, when examined further, proved to be resistant only to a single antibiotic. Since few multiple-antibiotic-resistant strains were isolated in the course of this study, it is concluded that the samples collected in the study contained a large number of singly resistant strains. Also, samples showing an abundance of antibiotic-resistant strains tended to be those water samples that had to be concentrated before enumeration of the bacterial populations could be accomplished. The method used to enumerate bacteria in samples with extremely low total viable counts gave results showing the percentage of resistant strains unexpectedly high, and it is possible that these results reflect inadequacies of the method. In support of this explanation is the fact that the absolute number of resistant strains did not vary greatly, even though the proportion of the total viable count that they represented varied considerably.
The highest numbers of antibiotic-resistant strains were found for streptomycin and tetracycline, compared with the other antibiotics tested. In almost all of the water and sediment samples, the numbers of tetracycline-and streptomycin-resistant strains were larger than for those resistant to chloramphenicol. Because Mg2+ had been shown to inhibit the activity of tetracycline (5, 10) , the basal medium was changed. Thereafter, the number and percentage oftetracycline-resistant strains declined.
Chloramphenicol resistance was found to be a reliable marker for antibiotic resistance, based on results obtained in this study, although some strains tended to lose chloramphenicol resistance when plated on nonselective media. Strains bearing chloramphenicol markers that persisted throughout laboratory culture proved to be clearly definable and relatively stable. Multiple resistance to three antibiotics (tetracycline, chloramphenicol, and streptomycin), when examined on triple-antibiotic media, gave varying results. Generally, a large number of triple-antibiotic-resistant ol (30 ,ug/ml); Sm, streptomycin (10 ,ug/ml); Ka, strains, as opposed to single-antibiotic-resistant strains, particularly those demonstrating a salt requirement, were found to be yeasts.
Antibiotic-resistant strains were selected for molecular genetic analysis, with a bias toward those strains exhibiting characteristics generally considered to belong to marine bacteria; i.e., strains present in an area free from terrestrial contamination, possession of a salt requirement, and demonstration of psychrophilism. Because of the methods used and the difficulties involved in shipping refrigerated plates back to the laboratory, only a few psychrophiles were isolated and, unfortunately, all of the psychrophilic strains were lost during preliminary screening. Presumptive identification of the antibiotic-resistant strains indicated that fewer Vibrio were present in the ocean samples than in Chesapeake Bay (Sizemore and Colwell, manuscript in preparation). Many of the marine isolates were not readily identified by standard identification schemes, particularly where carbohydrate utilization was important. An examination of all the taxonomic data accumulated for the isolates led to the conclusion that many of the isolates were nonglycolytic Pseudomonas spp. but some could be classified as Aeromownas or Vibrio spp.
This conclusion was also applicable to the three isolates E122, E126, and E266, which were placed in the above genera.
The molecular genetic techniques applied in this study have never before been used on a large scale with marine bacteria. The Slow growth rate and requirement for a highly aerobic environment were also problems to be dealt with in working with the marine strains. None of these problems, in general, were encountered with the enteric strains or the septic tank isolates employed in the study.
The dye-buoyant density gradient procedure yielded good results in that most of the strains selected for study were found to contain plasmids. Indeed, of the strains included in this study that did not contain a plasmid, the situation was often that the labeling and lysis procedures were ineffective.
Curing with acridine orange and with mitomycin C, an agent reported to be effective against Pseudomonas plasmids (2) , was unsuccessful when applied to marine Pseudomonas strain E266. Spontaneous curing, even at cell concentrations low enough to hinder reinfection, was not exhibited.
The demonstration of the presence of plasmids in an antibiotic-resistant strain is indicative of the existence of resistance transfer factors, but further evidence must be obtained showing that these plasmids carry the necessary genetic information for antibiotic resistance and that transfer of the antibiotic resistance occurs with plasmid transfer. The marine strains were used in mating experiments to confirm plasmid mediation ofthe observed antibiotic resistance. Strains E265, E266, E267, and E268 were found to transfer chloramphenicol resistance to recipient E. coli cells, confirmed by gradient analysis of the exconjugate cells.
The four strains appear to be the same species and are being studied further, with the molecular characterization of the plasmid reported elsewhere (Sizemore and Colwell, manuscript in preparation).
E. coli recipients functioned more effectively in the mating experiments carried out with strain E266. However, microscopic examination of the E. coli cells grown in marine broth showed that the E. coli cellular morphology is drastically distorted in the presence of seawater, compared with cultures grown in nutrient broth. Thus, the number of transfers between the E. coli donor and the recipient cells, when the transfers were in marine broth, should show a decrease compared with the nutrient broth control matings; Alterations in the structure ofE. coli grown in marine broth can serve as the explanation of the inconsistencies observed in the E266 E. coli mating results. Indeed, the procedure that worked best for the mating experiments involved use of filter pads, which held the cells in close proximity, very likely stabilizing the mating pairs. The stability imposed by the filter pads may also have contributed to the ability of the cells to overcome changes on the surfaces of the recipients that would cause decreased conjugal bridge formation. This problem was difficult to avoid, since strain E266 requires salt for growth and viability.
The isolation of drug-resistant bacteria from seawater and marine sediment should not be unexpected, considering the amount of treated and untreated sewage discharged into the ocean. Furthermore, the discovery of salt-requiring strains with plasmid-mediated antibiotic resistance in the septic tanks of an oceangoing ship represents another source of drugresistant bacteria in the marine environment. Thus, if genetic exchange among bacteria can occur in those bacterial populations present in the bilge water of seagoing vessels and if fish are, indeed, vectors for the transport of antibiotic-resistant strains of bacteria, one might expect that there would be a wide distribution of antibiotic-resistant bacteria. However, such a hypothesis does not properly take into account the vastness of the ocean and its dilution potential. At the present time, some inshore waters may be polluted, but deep ocean water samples contain very small populations of bacteria. Coliforms can be isolated from samples collected in harbors, but no coliforms or resistant coliforms were isolated from the deep ocean samples. An argument might be presented that the antibiotic-resistant bacterial isolates of the samples examined in this study were strains that had received plasmids from coliforms in bilge water and, further, that the coliforms themselves die off, i.e., do not survive in seawater or are present in very low numbers. However, if bilge water is, indeed, a significant source of antibiotic-resistant bacteria, it is difflcult to explain the low number of such bacteria present in the seawater samples examined. If the resistant strains were originally derived from the bilge effluent, then one would expect VOL. 12, 1977 on August 26, 2017 by guest http://aac.asm.org/ Downloaded from the total viable counts of the bilge-contaminated samples to be very high, since only a very small portion of the bilge isolates were antibiotic resistant. Furthermore, when selecting isolates for detailed study, those isolates that showed identical drug resistance patterns to the bilge isolates were eliminated to reduce the possibility of including a contaminant from the ship.
Strains isolated from water and sediment samples collected at great depths at sampling sites far from land should be free from exposure to man-made antibiotics or to fecal coliforms, with respect to genetic transfer. Whereas the possibility of vectors such as marine fish cannot be ruled out, the stringent sample selection, along with the repeated verification of the purity of the strains, as well as the vast dilution capacity of the ocean, insures that at least the majority of the antibiotic-resistant water and sediment strains examined in this study were indigenous to the sampling area.
In summary, it has been discovered that deep-sea as well as near-shore bacteria can carry plasmids mediating antibiotic resistance. Clearly, transfer of plasmids from coliforms to autochthonous bacterial species in near-shore environments receiving domestic sewage effluent may prove to be a heretofore unsuspected health hazard.
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